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plored	 the	 long-	term	 influence	of	a	variety	of	 climate	drivers,	 including	 increasing	
[CO2],	 and	 their	 interactions,	 on	 secondary	 growth.	 Finally,	we	 explored	 how	our	
findings	 could	 influence	 the	 model	 predictions.	 Climate-	only	 model	 predictions	
showed	a	small	decrease	in	habitat	suitability	for	H. helix	in	Europe;	however,	this	was	
accompanied	by	 a	 strong	 shift	 in	 the	distribution	 toward	 the	north	 and	east.	Our	
growth	 ring	data	 suggested	 that	H. helix	 can	benefit	 from	high	 [CO2]	 under	warm	
conditions,	more	than	its	tree	hosts,	which	showed	a	weaker	response	to	[CO2]	cou-
pled	 with	 higher	 cavitation	 risk	 under	 high	 temperature.	 Increasing	 [CO2]	 might	
therefore	offset	the	negative	effects	of	high	temperatures	on	H. helix,	and	we	illus-
trate	how	this	might	translate	into	maintenance	of	H. helix	in	warmer	areas.	Our	re-
sults	 highlight	 the	 need	 to	 consider	 carbon	 fertilization	 and	 interactions	 between	
climate	 variables	 in	 ecological	modeling.	 Combining	 dendrochronological	 analyses	
with	spatial	distribution	modeling	may	provide	opportunities	to	refine	predictions	of	
how	climate	change	will	affect	species	distributions.
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1  | INTRODUC TION
Ecosystems	 are	 changing	 rapidly	 in	 response	 to	 increasing	 tem-
perature,	 altered	 precipitation	 patterns,	 and	 increasing	 CO2	 con-
centrations	([CO2]),	all	of	which	are	influencing	the	abundance	and	








scales,	 spatial	 distribution	models	 (SDMs),	 seldom	 account	 for	 in-
creased	[CO2],	or	variable	 interactions,	 likely	because	this	 is	meth-
odologically	 challenging	 (Norby	 &	 Luo,	 2004).	 As	 a	 consequence,	
it	 is	unclear	whether	carbon	fertilization	might	 interact	with	other	
climate	change	drivers	to	influence	the	outcome	of	climate	models.
Lianas	 are	 common	 in	 forests	 across	 the	 world	 and	 influence	
forest	 ecosystem	 functioning	 (Schnitzer	 &	 Bongers,	 2002;	 Tymen	
et	al.,	2016)	and	carbon	storage	capacity	(van	der	Heijden,	Powers,	
&	 Schnitzer,	 2015).	 They	 affect	 key	 ecological	 processes	 such	 as	





ductivity	 in	 the	 last	decades	 (Phillips	et	al.,	2002;	Schnitzer,	2015;	
Schnitzer	&	Bongers,	 2002).	 The	 drivers	 behind	 this	 trend	 remain	
contentious.	 Liana	 increase	 was	 first	 reported	 in	 the	 neotropics	
(Phillips	et	al.,	2002)	but	 since	 then,	contrasting	 results	have	been	
shown	in	temperate	(Heinrichs	&	Schmidt,	2015)	and	African	forests	
(reviewed	in	Schnitzer,	2015),	where	there	have	been	no	long-	term	
changes	 in	 liana	 abundance.	 European	 lianas,	 on	 the	 other	 hand,	
have	 attracted	 limited	 attention,	 other	 than	 as	 invasive	 species	 in	





forests	 could	 have	 cascading	 effects	 on	 the	 biodiversity	 of	 other	
groups.	Therefore,	understanding	the	response	of	European	 lianas	





host	 preference	 (Nola	 1997,	 Schnitzer	 &	 Bongers,	 2002;	 Garfi	 &	
Ficarrotta,	2003;	Heuzé,	Dupouey,	&	Schnitzler,	2008;	Castagneri,	
Garbarino,	 &	 Nola,	 2013);	 however,	 it	 yet	 remains	 unknown	 how	
H. helix	might	respond	to	the	new	environmental	conditions	brought	
by	 recent	 and	 future	 changes	 in	 climate.	 Three	main	mechanisms	
have	 been	 suggested	 for	 the	 observed	 expansion	 of	 liana	 species	
in	recent	years:	higher	resource	availability	(which	includes	both	in-
creased	 atmospheric	 carbon	 concentration	 and	 increased	 nutrient	
deposition),	changes	in	temperature	and	precipitation,	and	increased	
levels	 of	 disturbance	 (see	 Figure	1;	 further	 discussed	 in	 Schnitzer,	
2005,	 2015).	 Most	 of	 these	 effects,	 however,	 are	 still	 poorly	 ex-
plored,	 and	only	 the	positive	 correlation	of	 liana	density	with	dis-
turbance	is	well	documented	in	both	tropical	(e.g.	Ledo	&	Schnitzer,	
2014)	 and	 temperate	 environments	 (e.g.	 Allen	 et	al.,	 2007).	 Some	
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growth	(Hättenschwiler	&	Körner,	2003;	Marvin,	Winter,	Burnham,	





ture	 is	 also	 uncertain,	 although	 it	 has	 been	 presumed	 that	 an	 in-
crease	 in	 temperatures	will	 likely	 facilitate	 lianas	to	survive	winter	
conditions	(Schnitzer,	2005).	There	are	no	comparative	assessments	
of	the	importance	of	each	mechanism	and	their	interactions,	which	
would	be	necessary	 to	 accurately	 forecast	 how	 these	 species	will	
respond	to	future	climatic	change.
The	 response	 of	 H. helix	 to	 changing	 environment	 will	 likely	
depend	on	the	action	of	several	climate	change	drivers,	which	can	
also	be	affected	by	 the	 interactions	between	them.	 In	 the	case	of	
H. helix,	we	expect	both	temperature	and	precipitation	to	be	critical	
factors	to	define	the	species	distribution.	We	also	expect	H. helix to 
profit	 from	 increased	 carbon	 availability.	However,	 given	 the	 high	
drought	stress	that	Mediterranean	plants	experience	in	summer,	we	
also	expect	summer	water	availability	to	influence	whether	the	plant	
can	 profit	 from	 the	 increased	 carbon	 availability.	 Specifically,	 we	
aim	here	to	explore	the	following	questions:	(a)	How	might	H. helix 
respond	 to	 future	 climate	 change?	To	 address	 this	 point,	we	used	
presence	records	 to	model	 the	species	climatic	niche	using	SDMs,	
to	 obtain	 predictions	 of	 suitable	 habitat	 under	 current	 and	 future	
climatic	conditions.	 (b)	Does	H. helix	benefit	 from	increasing	atmo-






currently	be	accounted	 for	 in	 the	SDM,	we	explored	 the	potential	














lems.	 Climate	 information	was	 obtained	 from	 the	 Bioclim	 dataset	
(http://www.worldclim.org/bioclim),	which	 includes	 19	 biologically	
meaningful	 variables	 derived	 from	monthly	 temperature	 and	 rain-
fall,	and	is	commonly	used	in	SDM	studies	(Hijmans,	Cameron,	Parra,	
Jones,	&	Jarvis,	2005).	The	variables	included	in	the	Bioclim	dataset	






culates	 habitat	 distributions	 with	 a	 maximum	 entropy	 algorithm.	
We	 selected	 the	 three	most	 relevant	 climatic	 variables,	 based	 on	
a	preliminary	Jack-	knife	and	variable	 importance	analyses,	ecolog-
ical	knowledge	of	the	species,	and	after	excluding	highly	correlated	
variables	 (r	>	0.7	 or	 VIF	 >3),	 to	 reduce	 overfitting	 or	 collinearity	
problems.	For	each	model,	we	randomly	split	the	dataset	into	75%	
(training)	and	25%	(test)	subdatasets	(Fielding	&	Bell,	1997).	The	final	









H. helix	 individuals	 and	 their	 response	 to	 increasing	 carbon	 avail-
ability	 and	 changing	 climate	 in	 an	 Italian	 case	 study.	We	 sampled	
tree	rings	in	H. helix	and	Q. cerris	 in	temperate	submontane	forests	
in	Abruzzo	region,	central	Italy	(Supporting	Information	Figure	S1),	
close	to	the	Riserva Naturale Guidata Abetina di Rosello.	For	a	detailed	
vegetation	and	fauna	description,	see	Pirone	et	al.	 (2005).	We	tar-
geted H. helix	rather	than	other	liana	species	because	it	is	known	to	






In	 August	 2014,	 we	 sampled	 two	 increment	 cores	 per	 indi-
vidual	 from	 30	 randomly	 spaced	 trees	 and	 32	 lianas	 dispersed	
over	 the	 whole	 study	 area	 (Supporting	 Information	 Figure	 S1a).	
We	 selected	 dominant	 trees	 to	 maximize	 the	 climatic	 signal	
(Schweingruber,	 1966)	 and	 for	 similar	 reasons,	 avoided	 sampling	
the	 trees	 on	which	 our	 sampled	 lianas	were	 growing	 to	 prevent	
confounding	effects	of	lianas	on	their	hosts.	We	targeted	Q. cerris 
in	 patches	where	 it	 dominates	 the	 canopy	 in	 order	 to	 avoid	 ef-
fects	of	interspecific	competition.	Hedera helix	individuals	growing	
as	a	continuous	grass-	like	 layer	were	not	sampled	to	avoid	pseu-
doreplication	 problems.	 Sampling,	 cross-	dating,	 and	 measure-
ment	 followed	 standard	 dendrochronological	 methods	 (Bräker,	
2002;	 Schweingruber,	 1966;	 Speer,	 2010).	 Despite	 challenging	
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ring	 recognition	 in	 some	H. helix	 (Supporting	 Information	 Figure	
S1b,c),	 tree-	to-	tree	 agreement	 in	 growth	 patterns	 allowed	 accu-
rate	cross-	dating	of	both	species	 (Supporting	 Information	Figure	
S2a,	Table	S2).	A	small	percentage	of	cores	with	growth	anomalies	
or	undetectable	 rings	were	discarded,	but	 at	 least	one	core	was	
maintained	for	all	but	one	individual.	The	tree-	ring	data	are	avail-
able	 online	 in	 the	 International	 Tree	 Ring	Data	 Bank	 depository	
(accessible	 at:	 https://www.ncdc.noaa.gov/data-access/paleocli-
matology-data/datasets/tree-ring	 with	 access	 number	 ITAL045	
and	ITAL046	for	Q. cerris	and	H. helix,	respectively).
We	used	 long-	term	climate	 records	 from	the	Climate	Research	
Unit	 (CRU),	 University	 of	 East	 Anglia	 (available	 at:	 http://climexp.
knmi.nl/)	 and	 atmospheric	 [CO2]	 records	 from	 the	 longest	 record-





















perature	 on	 secondary	 growth	 for	 both	 species,	 we	 calculated	
the	change	in	slope	in	the	growth-	[CO2]	correlation	with	regularly	
increasing	maximum	temperature	(Figure	3).	We	also	showed	the	
overall	 influence	 of	 this	 interaction	 on	 the	 growth	 time	 series	
for	 each	 species	 by	 plotting	 predicted	 growth	 over	 time	 under-	
recorded	[CO2]	and	constant	[CO2].	When	assumed	to	be	constant,	
[CO2]	was	 assigned	 the	 average	 value	 of	 the	 complete	 available	
record.	Tree	age	was	also	considered	constant	 in	the	model	pre-
dictions	(Figure	4).
To	 reinforce	 our	 findings	 and	 better	 understand	 the	 observed	
growth	 trends,	we	 complemented	 the	 tree	 ring	modeling	with	 an	
assessment	 of	 the	 xylem	 cavitation	 risk	 (Supporting	 Information	
Figure	S3).	 In	 vascular	plants,	 cavitation	 refers	 to	 the	breakage	of	
the	water	transport	column	by	the	entrance	of	air	bubbles	into	the	
xylem	 due	 to	 strong	 water	 tension	 inside	 the	 conduits	 (Tyree	 &	




with	1%	 safranin–astra	blue	 (Arbellay,	 Fonti,	&	Stoffel,	 2012),	 and	
analyzed	 them	using	WinCell	Pro	V	2004a	 to	obtain	a	 time	series	
of	 vulnerability	 per	 tree.	We	 chose	 the	 oldest	H. helix	 individuals	






2.3 | Effects of carbon fertilization on H. helix model 
predictions
To	 illustrate	how	a	positive	effect	of	 increasing	 [CO2]	could	affect	
model	predictions	of	future	habitat	suitability,	we	defined	three	po-
tential	CO2-	effect	scenarios	for	future	H. helix	habitat	distributions	
(Figure	 4).	 These	were	 as	 follows:	 “no	 fertilization,”	 “slight	 carbon	
fertilization,”	 (simply	assuming	a	10%	increase	in	habitat	suitability	
















3  | RESULTS AND DISCUSSION
3.1 | Climate- based spatial distribution models
The	SDMs	showed	that	changes	in	temperature	and	precipitation	
alone	will	 likely	 alter	 the	 amount	 of	 habitat	 suitable	 for	H. helix 
in	Europe,	requiring	large	range	shifts	for	the	species	to	track	its	
climatic	 niche	 (Figure	2).	 The	 H. helix	 climatic	 niche	 was	 mainly	
defined	 by	 precipitation	 in	 the	 coldest	 quarter	 of	 the	 year	 (51%	
permutated	 variable	 importance),	 annual	 mean	 temperature	
(42.6%	 variable	 importance),	 and	 precipitation	 in	 the	 wettest	
quarter	(6.4%	variable	 importance).	The	positive	correlation	with	
mean	 temperature	 is	 in	 line	with	 the	 biogeographical	 history	 of	
H. helix,	 which	 evolved	 from	 tropical	 families	 under	 warmer	 cli-
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but	 there	 is	 a	 large	 shift	 in	 the	 species	 range	 toward	 the	 north	




















SDMs,	 habitat	 suitability	models	 do	 not	 necessarily	 represent	 the	
future	realized	distribution	of	the	species.	The	actual	responses	of	
populations	to	environmental	change	are	more	complex	and	include	
factors	 such	 as	dispersion,	microenvironmental	 conditions,	 human	
disturbances,	host	preference,	and	other	biotic	environmental	 fac-
tors,	 which	 interact	 with	 habitat	 suitability	 to	 define	 the	 realized	
presence	of	 the	 species	 (Fitzpatrick	&	Keller,	2015).	A	particularly	
relevant	factor	to	define	the	realized	distribution	in	the	case	of	lianas	
is	host	preference.	However,	 it	 is	unlikely	 that	 this	 factor	plays	an	
important	role	in	the	distribution	of	H. helix,	as	it	seems	to	have	low	
host	 specificity	 and	preferences	 are	driven	more	by	 size	 and	bark	
characteristics	(Castagneri	et	al.,	2013)	or	forest	successional	stage	
(Ladwig	&	Meiners,	2010)	than	responses	to	particular	tree	species.
3.2 | Long- term climate interactions using tree rings
While	our	models	predict	that	changes	in	temperature	and	precipi-
tation	are	likely	to	impact	H. helix	distribution,	they	do	not	account	
for	 the	 effects	 of	 increasing	 [CO2].	 The	 tree	 ring	 analysis,	 on	 the	
other	hand,	showed	this	is	an	important	factor,	as	we	found	a	strong	
and	 significant	 correlation	 between	 increasing	 [CO2]	 and	 growth	

















the	 inability	of	Q. cerris	 to	 respond	 to	 increasing	 [CO2]	 concentra-
tions	is	likely	related	to	its	greater	sensitivity	to	drought	(Supporting	
Information	Figure	S3c,d).	The	increased	growth	of	H. helix,	on	the	
other	 hand,	 is	 not	 accompanied	 by	 an	 increase	 in	 vulnerability	 to	
cavitation,	further	suggesting	that	H. helix	seems	to	take	greater	ad-
vantage	of	increasing	[CO2]	than	its	tree	host,	as	tree	growth	seemed	




F IGURE  2 Climate-	only	models	for	the	suitable	habitat	of	Hedera helix	predict	slight	changes	in	the	total	habitat	area	but	large	range	
shifts	toward	north	and	east	in	future	projections.	(a–c)	Species	distribution	models	show	the	change	in	area	suitable	for	H. helix	from	the	
present	to	2050	and	2070
















well-	distributed	 samples	 across	 the	 landscape	 and	 their	 consistency	
make	this	unlikely.





predictions	 of	 how	H. helix	will	 cope	with	 drier	 conditions	 in	 cen-
tral	and	southern	Europe,	as	well	the	extent	to	which	it	will	expand	
northwards	 (Figure	5).	 It	 is	 noteworthy	 that,	 due	 to	 the	 nature	 of	
the	 interaction	 between	 the	 temperature	 and	 carbon	 fertilization	








Our	 findings	 seem	 to	 indicate	 that	 CO2	 fertilization	 effects	 and	
their	 interactions	can	have	 important	consequences	 for	ecological	
modeling	and	thus	cannot	be	ignored	when	modeling	future	species	
distributions.
Liana	 species	 other	 than	H. helix	 may	 not	 respond	 similarly	 to	
increased	[CO2].	Deciduous	species,	in	particular,	may	not	profit	as	
strongly	 as	 evergreen	ones	because	 they	do	not	benefit	 from	 the	
increase	in	the	growing	season	more	than	their	host	trees	(Schnitzer,	
2005).	To	test	the	effect	of	carbon	fertilization	on	other	liana	species,	
[CO2]	 fertilization	 experiments	 coupled	 with	 dendrochronological	
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studies,	 where	 possible,	 would	 be	 required.	 It	 is	 suggested	 that	
under	high	 long-	term	 [CO2],	 other	 resources	 (e.g.	 soil	 phosphorus)	
can	 become	 limiting	 to	 plant	 growth,	 and	 therefore,	 no	 long-	term	
fertilization	effect	would	be	expected	(Bader	et	al.,	2013).	We	found	
no	 saturating	 effect	 in	 the	 carbon	 fertilization	 curve;	 however,	 as	
our	 approach	 is	 not	 manipulative,	 carbon	 fertilization	 effects	 are	
limited	to	those	increases	which	have	occurred	in	the	last	decades.	
The	growth	response	that	we	observed	is	therefore	in	response	to	
much	 lower	[CO2]	 than	those	used	 in	fertilization	experiments	but	
it	 is	 in	 line	with	 reports	 from	other	 fertilization	 experiments	with	
temperate	lianas	that	did	not	find	a	reduction	in	carbon	fertilization	
effect	after	a	80%	increase	in	[CO2].	This	is	a	much	larger	increase	
than	what	has	been	observed	 in	 the	 last	 decades	 (Hättenschwiler	
&	Körner,	 2003).	However,	 saturating	 effects	 could	 appear	 in	 the	
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